Objective-To establish the incidence of systolic and diastolic dysfunction of the right and left ventricle in a large cohort of patients after Mustard or Senning operations and to assess changes in the incidence on long term follow up. Design-Postoperative case-control study using radionuclide ventriculography. Ejection fractions, peak filling rates, rapid filling periods and fractions, slow filling periods and fractions, and atrial contraction periods and fractions were studied. Setting-Tertiary care centre, ambulatory and hospital inpatient care. Patients-A convenience sample of 153 patients studied at median age of 6.9 years (median 4.4 years after surgery). In 99 cases another study was available at a median age of 15.3 years (median 13 years after surgery and 8.8 years after the first study). Results-Respective incidences of dysfunction in the first and the second study were as follows: ejection fraction-right ventricle 7.8% and 8.1%, left ventricle 7.2% and 10.1%; peak filling rate-right ventricle 0% and 4.2%, left ventricle 14.3% and 29.5% (p < 0.05); rapid filling periodright ventricle 18.3% and 11.6%, left ventricle 30.2% and 30.5%; slow filling period-right ventricle 4.8% and 3.2%; left ventricle 11.9% and 23.2%; atrial contraction period-right ventricle 0.8% and 4.2%, left ventricle 15.1% and 26.3%; rapid filling fraction-right ventricle both 0%, left ventricle 82.5% and 79.0%; slow filling fraction-right ventricle 0.8% and 4.2%, left ventricle 37.3% and 30.5%; atrial contraction fraction-right ventricle both 0%, left ventricle 79.4% and 71.6%. Conclusions-The incidence of systolic ventricular dysfunction is 8% (right ventricle) and 10% (left ventricle) 13 years after surgery, without a significant increase over the eight year follow up. Diastolic filling is abnormal in up to 80% of patients and left ventricular peak filling rate deteriorates with time.
The reported incidence of resting systolic ventricular dysfunction after an intra-atrial repair of transposition of the great arteries varies from 0% to 66%. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] However, prognosis and quality of life are not only aVected by systolic dysfunction after a Mustard or Senning procedure. Intra-atrial surgery causes a decreased capacity of the systemic venous atrium and diminishes the ability of atrial contraction to boost ventricular filling. 1 Intra-atrial baZe obstruction decreases left ventricular systolic output 1 and exercise tolerance. 18 The purpose of this study was to evaluate the long term incidence of systolic dysfunction and disturbances in ventricular filling in a large group of patients after intra-atrial repair of transposition. In particular, we wanted to determine whether the incidence of ventricular dysfunction increases with time.
Methods

PATIENTS
Ventricular function was studied in 153 patients between the ages of 188 days and 21.8 Peak filling rate Heart 1997;78:376-381years (median 6.9 years), four days to 16 years after the intra-atrial repair (median 4.4 years). A Mustard procedure had been performed in 113 patients at the median age of 483 days; 40 patients had undergone a Senning procedure at median age of 294 days. The age at surgery ranged from 25 days to 19 years (median 447 days). In 38 patients a ventricular septal defect was closed at the time of intra-atrial correction. Forty five patients had had palliative surgery between the ages of 10 days and five years (median 1.6 years).
In 99 of the 153 patients, a repeat study was done between the ages of 5.1 and 28.8 years (median 15.3 years), 4.4 to 17.3 years after the surgery (median 13.0 years). The interval between the first and the final study was between 1.8 and 11.6 years (median 8.8 years). In these patients the intra-atrial correction (Mustard in 85; Senning in 14) had been performed between the ages of 30 days and 17.2 years (median 15 months).
For the entire cohort of 153 patients the age at the last study was between 427 days and 28.8 years (median 13.8 years) and the interval since the surgery was 11 days to 17.3 years (median 11.6 years). Thirty four patients (22.1%) were not in sinus rhythm at the time of study (junctional rhythm in 25, atrial flutter in three, and ventricular pacing in six). In 16 patients (10.5%), an obstruction of the systemic venous atrium was proved by echocardiography or first pass radionuclide angiocardiography. In 15 patients (9.8%) tricuspid regurgitation was significant at the time of study (echo grade 4/4). In 22 patients (14.4%) a residual left to right shunt (Qp:Qs > 1.2) was found by first pass radionuclide angiocardiography.
PROCEDURES
Radionuclide ventriculography was performed with a gamma camera (PHO/Gamma LEM; Siemens Gammasonics, Des Plaines, Illinois, USA) and computer system (PDP 11/34-Gamma 11 DEC, Siemens Gammasonics). Patients' red blood cells were labelled in vivo with 430 MBq 99mTc per m 2 of body surface area. A left anterior oblique projection providing optimum ventricular separation was used. The detector was equipped with a 30°slant hole high sensitivity collimator and tilted 5°c audally to provide optimal atrioventricular separation. Data were recorded using electrocardiographic gating into 48 frames per cardiac cycle until the total count was eight million. Cycles diVering by more than 25 ms from the average RR interval were excluded. The frames were recorded into a 64 × 64 × word matrix.
End diastolic ventricular regions of interest were defined using phase analysis and automatic detection of the ventricular septum. Background regions of interest were automatically generated between end diastolic and end systolic ventricular outlines. From the background-free ventricular time-activity curve the first and second derivative curves were computed. Ejection fractions were calculated from the end diastolic and the end systolic counts using the usual formula. Peak filling rate was defined as the maximum positive deflection on the first derivative curve and normalised for end diastolic volume (EDV/s). The second derivative was used for definition of the beginning and end of the rapid filling period and the beginning of the atrial contraction period. Using these points the diastolic portion of the volume curve was divided into the rapid filling period, the slow filling period, and the atrial contraction period. These time intervals were normalised for the RR interval (%RR). The respective volumes supplied to the ventricle in these intervals-the rapid filling fraction, the slow filling fraction, and the atrial contraction fraction-were computed and normalised for the stroke volume (%SV) (fig 1) .
If the RR interval variation during the data acquisition caused a decrease in the final part of the ventricular time-activity curve the descending part was cut oV. If the descending part comprised more than 15% of the original RR interval, the diastolic indices were considered uncertain and were not calculated. Using this criterion the diastolic indices were discarded in 27 of 153 of the initial studies (17.6%) and in four of 99 of the final studies (4%). We have assumed that the "atrial contraction" portion of the ventricular volume curves may have a diVerent genesis in patients who have had a Mustard or a Senning operation from in a normal heart (see Discussion).
REFERENCE VALUES
The reference values were derived from a retrospectively selected group of children and adolescents in whom intracardiac shunts were studied using radionuclide angiocardiography, and significant shunts were excluded (follow up radionuclide ventriculography is routinely done in all such patients in our institution). 19 The control group comprised 53 children and adolescents studied between the ages of three and 23 years (median 12 years), 46 of whom were studied for suspected atrial septal defect, four for patent arterial duct, and three for ventricular septal defect. In all, the Qp:Qs ratio was less than 1.2:1 and other heart defects were excluded by echocardiography. Their heart rate (mean (SD)) was 93 (16) beats/min and did not diVer from the heart rate of the transposition patients at the initial study (93 (18) beats/ min, p = 0.999), but it was significantly higher than in the transposition patients in the final study (80 (17) beats/min, p < 0.001). The transposition and control groups were both studied using the same protocol, hardware, software, and personnel. In the following text, the values are referred as "normal" if they fit within the intervals between 5th and 95th centiles of the results for the control group (table  1) .
STATISTICS
All the datasets were tested for normal distribution in all the statistical tests and for equal variance when they were compared. If a normal distribution and equal variance were proved, the data are displayed as mean (SD) and a t test was used to compare the data. If normal distribution or equal variance could not be shown, the data are displayed as median/ 25th centile/75th centile, and the MannWhitney rank sum test was used for the comparison. DiVerences in incidences were tested by the 2 test ,and in incidences below 5% by the Fisher exact test. A Kaplan-Meier estimate was used for calculation of actuarial probability. DiVerences with a p value less then 0.05 are considered significant.
Results
Patients and controls did not diVer in ejection fractions, time intervals of the left ventricular diastolic filling, or right ventricular filling fractions. Left ventricular peak filling rate was lower than normal and right ventricular peak filling rate was higher than normal. Compared with normal values, right atrial contraction period was prolonged at the expense of shortened right ventricular rapid and slow filling periods. The most striking diVerences were in the left ventricular filling fractions: the rapid filling fraction was markedly decreased, the slow filling fraction was slightly increased, and the filling fraction of atrial contraction was markedly increased (table 2). In four of the patients, ventricular function was studied both before and after the surgery. The abnormalities of left ventricular filling were clearly related to the surgery and were documented as early as seven days after the operation (fig 2) .
The incidence of abnormally low ejection fractions, peak filling rates, rapid filling periods, and rapid filling fractions, as well as abnormally high slow filling periods and fractions and atrial contraction periods and fractions, are shown in table 3. The incidence of systolic dysfunction of the systemic ventricle was 8% both at the initial and the final study. The left ventricular ejection fraction was below the norm in 7% of the patients at the initial study and in 10% at the final study. Again, the most striking finding was the high incidence of left ventricular diastolic abnormalities. The values for the left ventricular rapid filling fraction and the atrial filling fraction were abnormal in up to 80% of the patients. The only significant change between the initial and the final study was in the incidence of subnormal left ventricular peak filling rate, which increased from 14% to 29%. This diVerence was more pronounced in patients operated on before the age of 15 months (n = 64, change from 9% to 35%, p = 0.017) compared with those operated on later (n = 62, change from 19% to 25%, p = 0.720). The left ventricular slow filling period was significantly longer after the Mustard procedure than after the Senning operation (13.2/ 10.0/15.3% RR, compared with 10.5/7.7/ 13.6% RR, p = 0.002). For the other variables studied the Mustard and the Senning groups did not diVer significantly.
Patients in sinus rhythm were compared with those with an abnormal sequence of atrial and ventricular contractions. No significant diVerences were found, and the shape of left ventricular diastolic filling included a prominent "atrial contraction portion" even in patients with rhythm disturbances. Patients with proved obstruction of the systemic venous atrium had a prolonged left ventricular slow filling period compared with patients without obstruction (17.1/13.1/20.7% RR v 12.5/9.5/ 15.4% RR, p = 0.008). The left ventricular slow filling period was also prolonged in patients with significant tricuspid valve regurgitation (15.8/11.3/18.1% RR v 12.5/9.5/15.4% RR in patients with no or insignificant tricuspid regurgitation, p = 0.027). Other variables were not influenced by either systemic atrial obstruction or tricuspid regurgitation. Patients with a residual shunt did not diVer significantly from those without a shunt in any of the variables studied.
The actuarial probabilities of having a normal right and left ventricular ejection fraction 16 years after the intra-atrial correction were 82% and 78% respectively. However, the actuarial probability of having a normal left ventricular peak filling rate was only 45% and of having a normal left ventricular rapid filling fraction was only 3% (fig 3) .
Discussion
In transposition of the great arteries, ventricular geometry 20 and pressure-volume relations 21 are inverted in comparison with a normal heart. In such a situation inverted diastolic ventricular properties could be expected, and indeed both the filling rates are abnormal, though they also diVer from the contralateral normal values. We therefore presume that the abnormal filling of the ventricles is caused not only by the diastolic properties of the ventricles but also (and maybe chiefly) by the properties of the intra-atrial baZes. The filling abnormalities were more pronounced in the left ventricle, where the rate of abnormal findings approached 80%. The peak filling rate was decreased. The fractions of the stroke volume supplied to the ventricle in the diVerent phases of diastole were abnormalthe rapid filling fraction was decreased and slow filling fraction was increased, as was the "filling fraction of atrial systole". All the changes were present shortly after the surgery and remained an almost constant finding throughout the follow up, regardless of the type of surgery. Our findings are in agreement with the reported diminution of early left ventricular filling in patients after both the Mustard and the Senning procedure, as assessed by Doppler ultrasound. 22 Furthermore, the shape of left ventricular diastolic filling was similar in patients in sinus rhythm and those with an abnormal sequence of atrial and ventricular contractions.
We hypothesise that left ventricular filling is modified by the properties of the intra-atrial baZe in the following manner: from the beginning of diastole flow rate increases and pressure within the baZe falls due to the Bernoulli eVect, up to a point when the baZe is compressed by pressure from the surrounding pulmonary venous atrium. This causes the decrease in peak filling rate and in the rapid filling fraction. Left ventricular filling then continues at a slower rate until the pressure proximal to the narrowed baZe increases enough to reopen the baZe. At that point the filling rate again increases to form the "atrial contraction portion" on the volume curve (with only a small contribution from atrial contraction) (fig 4) . This hypothesis is also supported by our finding that the increase in incidence of subnormal peak filling rate between the initial and the final study was most pronounced in patients operated on earlier, in whom presumably the baZes are narrower. A prolonged left ventricular slow filling period may reflect a more rigid baZe in Mustard patients, a narrow systemic venous atrium in patients with obstruction, or increased pressure in the pulmonary venous atrium in patients with significant tricuspid regurgitation.
We suppose that the reportedly reduced exercise tolerance 23 24 and inability to increase cardiac output on exercise 25 26 in patients after an atrial correction of transposition of the great arteries may be caused, at least in part, by inability to increase the flow over the intraatrial baZe. Thus impaired left ventricular filling may be a major factor influencing performance of patients after intra-atrial correction of transposition. I had been meaning to have a word with you about one or two points since you came back but I know you have much to catch up on. None of them is urgent but I thought I would put this point now. Sooner or later we will have to take a more active part in pumpoxygenators. They were discussed recently at the Junior Cardiac Club, at which everyone involved in the subject in London attended, including several people who had recently returned from the US. They included Bentall (Hammersmith), Rose (Guy's), McMillan (St. Thomas's) and Paneth (Brompton) and others. It is quite clear that at two American centres, at least, V.S.D.s are being closed as routine, and Fallots have the defect repaired and the stenosis removed.
My suggestion is that at this stage we might approach the problem in the way that has been so successful with the A.S.D.s. That is to say we should send an anaesthetist and a surgeon to either the Mayo Clinic or Minneapolis, for say a month, to learn the anaesthetic and surgical techniques as they stand today. It is a fact that Sellick has been devoting some time to trying to work the Lillehei apparatus on dogs. He can spend a half-day a week or less in the laboratory, with little or no surgical assistance. This type of approach to the problem is quite hopeless; it is not even pioneering because the Minneapolis people have passed this point many years ago. At Guy's, Ross has been working for the past few years on the Lillehei pump-oxygenator with full-time surgical assistance, but as he told us at the J.C.C. his dog survival rate is still very low and the results on humans is so depressing that anyone else but Brock would have had to abandon it. Drew at Westminster told us his results are not much better. Paneth (Brompton) has just returned from spending a year with Lillehei who he says closes V.S.D.s as a routine procedure on humans. Lillehei's own words are " . . .the closure of ventricular defects even in the tiniest infants is technically quite easy . . ." (Circulation 1957, p. 634).
Now that the ostium secundum problem has been mastered, it is up to us to remain in the lead with the V.S.D.s, ostium primums and Fallots. Unless we take action soon we shall lose our place, and the way to keep it is to profit by the years of American groundwork and copy the identical techniques used today.
